The births of more than 8 million infants have been enabled globally through assisted 20 reproductive technologies (ARTs), including conventional in vitro fertilization (IVF) and 21 intracytoplasmic sperm injection (ICSI) with either fresh embryo transfer (ET) or frozen embryo 22 transfer (FET). However, the potential for elevated risks of ART-related disorders persists in adult 23 life, and the underlying epigenetic mechanisms are largely uncharacterized. Here, we recruited 100 24 nuclear families and profiled the DNA methylomes, genome-wide histone modifications and 25 transcriptomes to clarify the inherent extra risks attributable to specific ART procedures. We 26 discovered that IVF-ET seemed to introduce less disturbance into the infant epigenome than IVF-27 FET or ICSI-ET did. Furthermore, we noted approximately half of the DNA methylomic changes 28 in ART-conceived offspring could be explained by parental background biases. Through removal 29 of the parental effect, we confirmed that ART per se would introduce minor DNA methylation 30 changes locally. More importantly, we found that ART-induced epigenomic alterations were highly 31 enriched in the processes which might contribute to increased incidence of preeclampsia during 32 pregnancy and metabolic syndrome in offspring. Overall, our study provides an epigenetic basis 33 for the potential long-term health risks in ART-conceived offspring that reinforces the need to 34 review all methods of human ART.
8 141
Parent-derived and ART-derived DNA methylomic differences in offspring
To evaluate parental influence on the DNA methylomes of progeny, the DNA methylation 143 levels of DMRs identified in neonates were further analyzed in parents. There were significant 144 differences between the two groups of fathers or mothers ( Fig. 2a; Supplementary Figure. 6a; 145 p<0.01). In addition, approximately 50% of DMRs identified in neonates significantly overlapped 146 with DMRs identified in their corresponding parents ( Fig. 2b and Supplementary Figure. Figure. 6c , Supplementary Table 11 and 15). As expected, no significant 154 IVF-ET, the most basic process of ART treatment, is generally recommended as a first-line 155 ART therapy for couples with female infertility 28 . A total of 1703 hyper-DMRs and 2658 hypo- 156 DMRs were identified in the IVF-ET group compared with the CTRL group ( Supplementary Table  9 IVF-ET might lead to abnormal phenotypes in ocular, cardiovascular and skeletal system, tooth 162 morphology and metabolism, etc. (Fig. 3b ; Supplementary Table 16 ). 163 Given the distinct roles of various genomic regions in regulating gene expression, we 164 performed ChromHMM using four types of histone modifications and identify 12 chromatin states 165 to investigate the specific impacts of IVF-ET on the DNA methylation of functional elements (Fig.   166 3c). The regions covered in our DNA methylation data were mainly the regions related with 167 transcription start site (TSS) (E7 and E8), consistent with the features of highly enriched CpG 168 regions in RRBS. Notably, a large fraction of DMRs were concentrated on Active enhancer (E2), 169 Poised enhancers (E4), Active TSS upstream sites (E6) and Bivalent/Poised TSSs (E8), but almost 170 depleted from Active TSSs (E7) (Fig. 3d ). GO Supplementary Table 16 ). In fact, the intersection of the DMR associated genes with the DEGs 177 revealed that the majority of the DMRs were not associated with transcriptional changes in their 178 associated genes ( Fig. 3f , Supplementary Table 17 ). For DEGs overlapped with hypo-DMRs 179 associated genes, MDGA1 was upregulated in the IVF-ET group, while RGS12 was downregulated; 180 in the former, the DMRs occurred in promoters, while in the latter they occurred in introns. The 181 expression of genes associated with hyper-DMRs in introns or distal intergenic regions, such as 10 KIAA1671 (introns), DIP2C, CCND1 and CD28, was decreased ( Fig. 3g ).
Epigenomic alteration of regulatory regions in IVF-ET-conceived offspring
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Polymorphisms/mutations in MDGA1 and DIP2C are associated with mental disease, and 184 dysregulation of KIAA1671, CCND1, and DIP2C has been reported to take part in tumorigenesis; 185 furthermore, RGS12 dysfunction contributes to tumorigenesis as well as pathological cardiac 186 hypertrophy, osteoclast genesis and bone destruction. Together, our findings indicated that DNA 187 methylomic changes caused by IVF-ET might affect multiple aspects related with neonates' health, 188 but mainly kept away from active TSS regions. 191 To investigate the differences between those two ways of fertilization, we first compared ET with IVF-ET and identified more than 4500 DMRs and 9000 H3K4me3 DPs (Supplementary   193   Tables 4 and 11; 2365 Table 20 ). Similar to the observation in IVF-ET, the selected DMRs for ICSI also tended to avoid 212 the active TSSs ( Fig. 4d ). Associated genes of hyper DMRs in ZNF Genes & Repeats (E9) and 213 weak repressed polycomb (E11) were enriched in the processes of immune and nervous system, Supplementary Table 20 ). These results suggested that ICSI might alter H3K4me3 at enhancers 223 and affect multiple processes. Together, the results regarding both the DNA methylome and 224 H3K4me3 modification raise the question of whether ICSI may have a potential impact on health 225 of offspring, with the skeletal systems and immune system as the representatives.
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Identification of altered epigenomic profiles associated with ICSI procedures
227
Specific epigenomic changes induced by freeze-thawing procedure 228 We then investigated the differences between the IVF-FET and IVF-ET groups and observed Supplementary Table 21~22 ).
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To further explore the specific effects of freeze-thawing procedure per se, we selected six 239 subgroups of DMRs of IVF-FET vs IVF-ET through k-means clustering of scaled DNA 240 methylation levels among the IVF-FET, IVF-ET and CTRL groups ( Fig. 5b ; Supplementary Table   241 23; cluster C11~13 in hyper-DMRs and cluster C14~C16 in hypo-DMRs), as well as H3K4me3 were highly enriched in the processes of neutrophil-mediated immunity and the regulation of 246 GTPase/Ras (Fig. 5d ). The results of HPO analysis further revealed that the selected DMRs might 247 be related to carcinogenesis (Supplementary Figure. 8d ; Supplementary Table 22 ). The majority 248 of selected hyper/hypo-DMRs were inclined to evade from Active TSS (Fig. 5e ), and the 249 associated genes of those DMRs in Active enhancer (E2) and Active TSS upstream (E6) were 250 highly enriched in the processes of immune system, metabolism of purine/carbohydrate, muscle 251 and skeletal system ( Fig. 5f ; Supplementary Table 22 ). Poised enhancer (E4) was the most 252 overrepresented states for the selected gain H3K4me3 DPs in CTRL/IVF-ET group and became 253 ZNF Genes & Repeats (E9) in IVF-FET. Associated genes for the selected gain H3K4me3 DPs in 254 E2 and E4 were enriched in the processes of certain systems ( Fig. 5e-f ; Supplementary Table 22 ).
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It was also worth mentioning that the genes PGP, PLOD3, and STAB1 in the IVF-FET group all Table 21 ). Considering that the dysregulation of the PGP, PLOD3, STAB1 and 260 SEPT9 genes as well as the GTPase signaling pathway is potentially associated with 261 carcinogenesis 29 , the above results implied that disturbance in the epigenome introduced by 262 cryopreservation per se might potentially affect the immune system and increase the risk of cancer Common epigenetic effects among different ART processes 266 Since various ART processes share common procedures, we further analyzed the relationship 267 among DMRs/DPs to investigate the common epigenetic effects of ART treatments. Clearly, the 268 DMRs identified in seven pairwise comparisons were overlapped significantly in genomic location 269 and shared many common GO terms (Supplementary Figure. 9a-b; Supplementary Table 24 ). Table 24 ). Supplementary Table 25 ). These DMRs were related to Wnt signaling pathway, 280 respiratory, cardiovascular and nervous system. Similarly, there were noticeable overlaps between 281 ICSI-and freeze-thawing-specific gain H3K4me3 DPs ( Fig. 6c ; Supplementary Table 25 ; C1-C3 282 and C11-C13; n=3553), which were mainly involved in immune (B lymphocytopenia, 283 Abnormality of B cell number, Neutropenia) and skeletal system by HPO analysis (Supplementary 284 Figure. 9c; Supplementary Table 24 ). As mentioned previously, those DMRs were also noticeably 285 absent from Active TSS (E7), with the increased enrichment in ZNF Genes & Repeats (E9) for 286 DMRs in clusters C21 and C24 (Fig. 6d) . Meanwhile, the difference between ICSI-FET and IVF-287 15 ET would be expected as a mixed effect of ICSI and freeze-thawing operation, indeed, large 288 percentage of those DMRs showed similar changes in ICSI-ET or IVF-FET (C31~C33; C35, C36, 289 C38). However, 13% hyper-DMRs (C34) and 19% hypo-DMRs (C37) were uniquely found in 290 ICSI-FET groups, implying complex interactions between ICSI and freeze-thawing 291 (Supplementary Figure. 9d , Supplementary Table 25 ). The above results together suggested that 292 in addition to causing their own unique effects, as mentioned previously, distinct ART procedures 293 also leaded to certain common effects on the epigenomes of offspring. abnormality [16] [17] [18] . We also found that more than half of the DNA methylomic changes in ART 308 16 offspring were derived from parents, highlighting the necessity of removing parental bias in 309 assessing the influences of ARTs per se. Moreover, we reported the genome-wide impacts of 310 ARTs on four types of histone modifications in humans for the first time. The epigenomes of 311 IVF-ET conceived infants seemed to be closer to those of naturally conceived infants than those 312 of IVF-FET or ICSI-ET conceived infants and showed almost no disturbance in either type of 313 histone modification, suggesting that ART-inherent procedures, including controlled ovarian 314 hyperstimulation (COH), in vitro culture, in vitro fertilization, etc., may not increase the risks of 315 abnormal histone reprogramming; however, ICSI and freeze-thawing operation may do so. What 316 surprised us was that H3K4me3 was the most profoundly impacted by ICSI and freeze-thawing 317 compared with the other three types of histone modifications (H3K4me1, H3K27me3 and 318 H3K27ac), therefore, H3K4me3 might serve as a sensitive histone modification for assessment 319 of the influences of ARTs.
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The distributions of epigenetic changes tended to be away from active cis-regulatory elements 321 and were not largely associated with transcriptional changes in corresponding genes. Functional 322 enrichment of epigenetic changes suggested that epigenetic disorders caused by ICSI might 323 interfere the processes associated with skeletal system, which is also highlighted in a recent study 324 about the potential impact of ART on DNA methylome 31 . Our results also indicated that freeze-325 thawing procedure, as well as ICSI, might increase the risks of immune dysfunction in offspring.
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Though the risks of hospital admission in FET-conceived children and asthma medication in ART-327 conceived children have been reported to be higher than CTRL conceived children 32,33 , direct 328 evidence regarding the effects of ART on the immune system is lacking so far and long-term 329 follow-up studies are required. Previous studies have revealed elevated rates of preeclampsia in 330 women who have undergone FET 34 . GTPases, especially Rho kinases, play essential roles in 331 extravillous trophoblast cell (EVT) invasion 35 , and limited EVT invasion following poor 332 remodeling of arteries is widely observed in preeclampsia 36 . More interestingly, our results 333 suggested that freeze-thawing operation might cause dysregulation in the GTPase/Ras signaling 334 pathway in offspring. Thus, the epigenetic abnormality we report may also possibly explain the 335 increased risks of preeclampsia in FET compared with fresh ET pregnancies. Our findings 336 emphasize that it is reasonable to inform patients of potential risks associated with ICSI and 337 embryo cryopreservation and that it would be wise to reconsider overutilization of ICSI or routine 338 freezing of all embryos.
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Apart from the influences for given ART operations, we also revealed the common effects 340 induced by various ART processes. Further analysis showed that ART-induced DNA methylation 341 changes were enriched in the processes of cardiovascular system and glucolipid metabolism in the 342 comparisons of all four ART groups versus CTRL groups. Since the abnormalities in lipid profiles 343 and higher rates of cardiovascular dysfunction have been reported in ART-achieved children 11,37 , 344 it implies that the disturbance on epigenome by ART in offspring may increase the risk of 345 metabolic syndrome 38 . In addition, we identified a considerable number of common DMRs among 346 different ART groups compared with CTRL group. It is noteworthy that the regulation of GTPase 347 activity was the most overrepresented terms in GO analysis for those DMRs, which is in line with 348 those studies suggesting that pregnancies conceiving by ART is related with the increased risk for 349 certain cancers in offspring and preeclampsia compared with natural pregnancy 39, 40 .The common 350 18 DMRs induced by both ICSI and freeze-thawing procedure were enriched in the processes 351 involving in neuron, consistent with the concern that these two kinds of aggressive ART operation 352 might increase the risk of mental disorders in offspring 41 . As suggested by the reports that 353 improved in vitro culture systems for animals will affect the epigenome less than earlier 354 versions 42,43 , continuous optimization for ART procedures is urgently needed to simulate the in 355 vivo environment and reduce potential epigenetic abnormalities in offspring.
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